This paper presents productivity measurement results for hospital services using panel data for Ontario hospitals between 2003 and 2006. The study uses the Malmquist Productivity index (MPI) obtained through the application of Data Envelopment Analysis (DEA) which is decomposed into efficiency change (ECH), i.e., movement towards the best practice frontier and technological change (TCH), i.e., movement of the frontier itself (Färe et al. [12]). The study also uses kernel density estimation techniques for analysis of efficiency distributions of the productivity scores and their components across different types of hospitals (e.g. small /large and rural /urban) and over time. Our results suggest that in addition to average productivity it is important to examine distributions of productivity and of its components which we find differs by hospital type and over time. We find that productivity growth occurred mostly through improvement in technology and in spite of declining efficiency. The results provide useful insight into the underlying mechanisms of observed changes in overall productivity, in technological change and in technical efficiency change in this vital sector of the health care market.
Introduction
The goal of our study is to investigate productivity change in the hospital sector as well as its key components: efficiency change and technological change. To study these questions we use recent advances in productivity analysis-non-parametric (kernel-based) statistical analysis of distributions of productivity scores and their components obtained from the Malmquist Productivity index (MPI) through application of the data envelopment analysis (DEA) estimator.
Many studies have used the MPI to measure efficiency and technological changes of hospital services. The idea of the index originated with Sten Malmquist [38] , who used it in the context of consumer theory. It was later reincarnated for use in productivity measurement in the seminal work of Caves et al. [5] , and further developed in many other studies.
1 One important advantage of the MPI method is that it can accommodate a multi-output-multi-input set up, even when there is only quantity information available, requiring neither relative price information nor restrictive behavioural assumptions in its estimation. Following Färe et al. [12] the MPI application allows for estimation of changes in overall productivity and then for decomposition into efficiency changes (ECH) and technological changes (TCH) for each decision making unit (DMU) over time.
For the estimation of MPI and its components, we use DEA, which is a non-parametric estimator, imposing neither functional form for technology nor distributional assumptions about variables or error terms. DEA is widely used to estimate the MPI and technical efficiency in complex production environments with multiple inputs and multiple outputs 2 and in application to 1 E.g., see Färe et al. ([12] , [13] , [14] ), Thrall [62] , Førsund [17] , Grifell-Tatjé and Lovell ( [22] , [23] ), Kumar and Russell [32] and Henderson and Zelenyuk [28] , to mention just a few. 2 E.g., see Emrouznejad et al. [9] , Gattoufi et al. [18] , [19] , [20] ), Seiford [58] .
health care in particular. 3 Most of the literature has tended to be concerned with analysis of unconditional or conditional means (e.g., regressions) or variances. One of the novelties of our work is that we analyse distributions of productivity scores, comparing them over time and across different types of hospitals utilizing the bootstrap-based Li [34] test, adapted to DEA by Simar and Zelenyuk [60] . We observe significant and persistent inefficiencies in the delivery of health care services in the Ontario hospital data. We find that over time rural hospitals experienced higher technical efficiency compared to their urban counterparts, however, at the cost of higher lengths of stay. Though at one point small hospitals achieved higher technological progress, over the time period they encountered increasing technological regress and deterioration in technical efficiency. This coincided with a period in which policy makers were focusing investments in medical technologies in larger hospitals focusing a centre of excellence.
The results of our study can assist decision-makers to understand inefficiencies across different types of hospitals as well as inform the resource allocation process by highlighting potential sources of inefficiency amenable to policy intervention. The results can also help to target efficient allocation of resources and to identify specific areas of efficiency that need improvement.
This study is organised as follows. Section 1 provides a brief review of the literature to provide context for the current study. Section 2 outlines the methodology, Section 3 discusses the data, and Section 4 highlights the estimation results. Section 5 discusses the implications of the efficiency distribution analysis and Section 6 concludes.
Brief Overview of Efficiency and Productivity in Healthcare Services
Many studies have used the Malmquist productivity index to measure efficiency and 1998. The author found a considerable positive shift in hospital technology between 1996 and 1998 with no enhancement in technical efficiency due to the introduction of an activity-based hospital financing system. Ozcan and Luke [50] found that productivity improved considerably in veteran integrated service networks, primarily because of technological change (i.e., shifts in the frontier) rather than efficiency changes (i.e., movement toward the frontier). Burgess and Wilson [4] examined U.S. hospitals from 1985-1988 and found that changes in technology dominated changes in inefficiency in determining changes in productivity. McCallion et al. [41] studied hospitals in Northern Ireland from 1986 to 1992 and found that technological increase was outweighed by a decline in efficiency for small hospitals and that scale efficiency declined. Sahin et al. [53] noted that technological progress was the main driver of the improved productivity in 2007 due to Ministry of Health (MoH) investments in general Hospitals, but that there was a decrease in technological progress the following year which left overall productivity unchanged.
Ferrier and Valdmanis [16] studied the efficiency and productivity changes in large urban hospitals in the United States and found that during the 1994-2002 period hospitals made modest gains in their economic performance by both improving their technical efficiency and by adopting more productive technologies. In a study based on 75 Scottish acute hospitals from 1991/92 to 1995/1996, Maniadakis et al. [39] , noted that productivity changes are dominated by technological change with a little change in hospital efficiency. Färe et al. [13] investigated 17 Swedish hospitals and found a wide variation in performance during the period 1970-1985. They found that long-term average annual productivity growth was negative for 13 out of 17 hospitals. They concluded that thirteen out of 17 hospitals experienced annual technological regress and only 5 out of 17 exhibited average annual gains in efficiency. A similar finding was found by Ozgen and Ozcan [51] showing improvement in technical efficiency along with a regress in technologies causing major source of negative movement in productivity. Efficiency gains were found following changes in hospital financing for several other countries including Spain (Gonzalez and Barber, [21] ) and Norway (Biorn et al., [3] ).
Applying the MPI, Luoma and Järviö [37] found that productivity gains occurred in Finish Health Centers from 1988-95 at the same time as the state and municipalities experienced severe financial difficulties due to a severe recession and falling tax revenues. However, investigating the impact of a subsidy reform in 1993 on the efficiency of the Finnish hospital sector Linna [35] concluded that the reform did not have a significant impact on observed productivity growth. From a study in Turkey Lobo et al., [36] noted that increased budgets through financing reforms worked as a positive stimulus for improvement in technical efficiency, although the production frontier did not shift outward. Langabeer and Ozcan [33] in their study of cancer care centers noted that despite advances in technology and greater scale, average efficiency experienced a marginal decline.
From the literature we note that productivity changes can occur by either changes in efficiency or changes in technology or changes in both. In some studies technological change was found to be the dominant factor while in other studies it was the change in technical efficiency that contributed more to the change in overall productivity. In some studies both efficiency and technological change equally contributed to the overall productivity change. Productivity changes were mostly dominated by technological advancement and a positive change in technical efficiency has outweighed the impact on overall productivity due to technological regress. The impact of financial reform on change in technical efficiency was shown to have either some positive (in Turkey) or no impact (in Finland) on technical efficiency.
Methodology

Theoretical Framework of the Malmquist Productivity Index (MPI)
To measure productivity change and its components we assume that the technology of producing hospital services can be characterized by the production set which models the transformation of inputs into outputs at time t and is defined as:
. (1) We assume that hospitals face a fixed quantity of inputs under the global budget and subject to this resource constraint a hospital manager must decide how many patients to treat. This would imply that productivity and efficiency measurement must consider the extent to which outputs can be expanded without altering the quantity of inputs (see Jacobs et al. [31] [15] , occurs when production is technically efficient. Now, to define the MPI, we need an intertemporal extension of (2), which is defined as
When we obtain (2), while when we get the distance function measuring the maximum proportional change in outputs required to bring onto the frontier of technology at the previous period t. Similarly, when we get the distance function measuring the maximum proportional change in output required to bring onto the frontier of technology at . Using these intertemporal measures, we follow Caves, et al (1982) to define the output-oriented Malmquist productivity index as (4) Furthermore, in the spirit of Nishimizu and Page [44] , Färe et al. [12, 13] One of the most common ways to estimate the MPI (Färe et al. [12] ) is based on application of DEA techniques (Charnes et. al. [11] , Farrell [15] ), which, for estimating MPI score of any DMU ( ), requires solving four linear programming problems, given by
where is input-output allocation of DMU j observed in period , for which we want to estimate the value of the distance function relative to the frontier in period ;
while is a set of intensity variables over which we optimize ( jointly with optimizing over ), that serve as weights that help envelope the frontier using the data in a given period .
In summary, through application of this approach we can evaluate the extent to which hospitals have moved toward the best practice frontier (ECH) and whether there has been a movement in the frontier itself (TCH) over time.
Analysis of Distributions of MPI and its Components
In our distributional analysis we use the kernel density estimator (KDE), given by where is a bandwidth, is a kernel function and is a random sample of some random variable , whose density function, , we want to estimate at a point . Our choice of the Gaussian kernel and Sheather and Jones [56] bandwidth selector, ensures that KDE is a consistent estimator of the true density, , that generated the random sample we used.
Now, suppose we have two random samples 1 and 1 that came from distributions characterized at a point by density functions and , respectively.
We want to test whether these distributions are the same, i.e., our hypotheses are in the support of the random variables (j )
, (on a set of positive measure).
To infer on these hypotheses, we can use the Li [34] test statistic, given by ,
where .
and .
where lim with , (here we use Silverman's rule-of-thumb for ).
Note that for our context of comparing distributions of productivity scores, stands for the true MPI scores or their true components for hospital in a group (or time period) . The true productivity scores are estimated via DEA. Using estimates in place of true scores to estimate the densities of the true scores as well as for performing the Li-test on equality of distributions, creates similar problems as those discussed in detail in Simar and Zelenyuk [60] for the context of efficiency scores obtained from DEA. To deal with this double-estimation problem, we follow Simar and
Zelenyuk [60] , and adapt their logic to the context of testing equality of distributions of productivity scores from MPI and its components.
Data
The reports by hospitals to the MOHLTC. Both sources of data are also subject to data quality audits.
The set of inputs and outputs that we have used in this study are similar to those applied in previous studies on hospital productivity. While reviewing DEA based hospital efficiency studies, O'Neill et al., [47] provided an extensive discussion about the inputs and outputs used in previous studies. Hospital input categories fall into three broad sub-categories namely capital investment, labour, and other operating expenses. The number of fully staffed hospital beds is most often used as a proxy for hospital size and capital investment. The ‗‗number of clinical staff'', consists of physicians, nurses, and other health/medical personnel was used as a proxy for ‗‗labour costs''.
Most studies that did not include clinical staff used labour costs instead. Several studies included the number of non-clinical staff as a hospital input including technical, managerial, and other staff. The range of hospital output categories found in the literature can be classified into four subcategories: (1) medical visits, cases, patients, and surgeries, (2) inpatient days (3) admissions, discharges, and services and (4) other specific output categories (e.g., a typical teaching).
As multi-product decision making units, hospitals in Ontario produce varying quantities of services and obviously none of these services is homogenous. Though heterogeneity and joint production are the prevalent characteristics of the hospital services sector, DEA being a linear programming technique for estimating the frontier, requires that the units of measurement of output are uni-dimensional and are the same across hospitals. On the basis of production theory, it is also assumed that output measures are cardinal measures so that the levels and differences are important and meaningful. Ordinal measures which provide an indication of ranking as opposed to differences in actual levels, should not be used as output measures within DEA (Coelli et al., [7] have used both inpatient and outpatient volume as a measure of output. The advantage of using service quantity is that it has a direct link between the quantity of health services and the input. This means that the observed output is specific to input. We do however recognize that this is a simplifying assumption, that may not fully reflect the diversity of the underlying patient populations. 4 We have included all hospitals in Ontario except specialized services such as rehabilitation, mental or psychiatry services. However, not all hospitals in Ontario provide all services e.g., surgical
and thus we take an aggregate measure of total output, rather than dis-aggregating output to the department level.
Three different types of inputs are used: (1) human resources including nurses and administrative workers, (2) purchased services and supplies including medical/surgical supplies and non medical/surgical supplies and finally (3) the number of staffed beds and total equipment expense as measures of capital. Beds and service-mix have also been considered as measures of hospital assets (e.g., see Ozcan [48] ). Over the time period, average hospital nursing hours increased (5.9%) while non-nursing staff hours decreased leading to a total decrease of 4.1%. At the same time, inpatient volume increased slightly and outpatient volume increased substantially, reflecting a continuing trend to outpatient procedures and potentially also better hospital management and cost containment strategies. The average staffed beds decreased marginally over the sample period, which may be the result of an effort to reduce costs, increase occupancy rates and also to transfer inpatient cases to the community. Both medical surgical and non-medical surgical supply costs increased over the sample period. Hospitals also increased spending on equipment by more than 25% over the sample period, indicating more investment in medical technologies. Examining the returns to scale we found that a large number (65%) of hospitals in Ontario operated at the level of decreasing returns to scale and so faced diseconomies of scale (see Figure   2 .2). Only about 10% of hospitals operated under increasing returns to scale meaning they were too small and could benefit from expansion. efficiency caused a overall decrease in productivity for 45 hospitals (see Table 2 ). In a broad economic sense, technological change (innovation) -the main driver of productivity growth -is related to investment, i.e., a change in capital stock. Capital accumulation occurs when hospitals invest in more or better machinery, equipment, and structures that make it possible for them to produce more output. Capital accumulation, which determines the adoption of technology by best practice hospitals, thereby shifts the efficiency frontier. In Ontario the hospital sector was marked by an increased investment in equipment, and in clinical information technology, though the number of hospital beds remained almost constant over the sample period. The industry also experienced increased patient complexity and more expenses associated with increased compensation to medical staff nurses, which is a proxy of human capital. All this is consistent with the observed positive technological change, which in turn lead to productivity growth, despite some deterioration in technical efficiency.
It might be also worth noting here that during the study period, Ontario provincial governments were making significant investments in the health care sector through medical equipment, new drugs and treatment and consolidating a number of specialized activities, such as cancer care, in a few key specialized facilities. 5 The tendency has been toward capital investment too, because of ongoing shortages of health care professionals, which has promoted efforts to substitute capital for labour in the production process. It might also be the case that higher technological change in Ontario hospitals in 2005-2006 was induced by demand with an increasing trend of inpatient days during this particular period.
Estimation Results: Distributions of MPI and of its Components
Some of the estimated density figures are presented in the text and the rest are placed in the Appendix I. To determine whether the generated distributions have changed location or shape, and to assess the statistical significance of these differences, we use a version of the Li [34] -test, adapted to the DEA context by Simar and Zelenyuk [60] . In particular, we are interested in assessing changes in the distributions over time as well as across different types of hospitals, by stratifying all hospitals into rural 6 vs. urban, and small 7 vs. large. Tables 3 and 5 Tables 4 and 6 .
Differences in productivity, efficiency and technology over time Productivity Change
From Table 3 we see that across the time periods the distributions of (productivity scores from) MPI are not significantly different (here and after, in statistical sense). 8 The equality of means, medians and variances of MPI across the time periods are also not significant, and thereby do not reject the null hypothesis. The distributional results suggest that there is no evidence of significant improvement in hospital productivity over the sample period rather some hospitals improved productivity, others worsened and net result was that the overall distribution of MPI did not change significantly (see also Figure 1A 7 The definition of small hospital is one with 2000 or less weighted cases. 8 In part, this might be due to relatively small sample size compared to the dimension of the DEA model and so the test did not attain enough power to reject the null hypothesis. declined with each year as we noted from the previous analysis, but that the whole distribution of efficiency has deteriorated over time, i.e., the density not only shifted to the left but also became more disperse, with just a few having positive efficiency change and majority having negative efficiency change (see Figure 3) . Table 4 ). From Figure 4 we observe that the distribution of TCH (technological change) not only shifted to the right but also became much more dispersed, with majority of hospitals experiencing technological improvements, some experiencing dramatic improvements while only a few had negative change.
Technology Change
Differences in productivity, efficiency and technology by hospital type:
Rural vs. Urban Hospitals
In both 2004-2005 and 2005-2006 , the distribution of MPI in urban hospitals was statistically different from that of rural hospitals and came primarily from the differences in variance (see Table   6 ). Rural hospitals in both periods had a somewhat symmetric distribution of MPI with wider variation (see Figures 2A and 5A in Appendix I and Table 2A in Appendix II). Table 6 ). Figure 12A in Appendix I), when there were differences in both mean and variance (see Table 6 ).
Over the time period, productivity in both urban and rural hospitals was dominated by technological progress. The fact is that with almost constant inpatient days over the time period, urban hospitals treated an increasing number of ambulatory patients and incurred more expenses in the areas of medical, surgical and equipment. With an almost constant number of staffed beds, urban hospitals also experienced increased nursing hours perhaps to cope with increased patient complexity. Occupancy rates in both urban and rural hospitals fluctuated over time (in 2004 occupancy rate decreased in both type of hospitals), but were higher at the end of the study period.
Average length of stay in urban hospitals decreased over time while rural hospitals faced an increasing trend in length of stay. This is consistent with the finding in Färe et al. (1994a) who noted that hospitals reporting decreases (increases) in average length of stay experienced regress (increase) in their best practice frontier. 
Small vs. Large Hospitals
Due to the differences in variances (see Table 6 ), the distribution of MPI was also significantly different when comparing hospitals by size (small vs. Table 6 ). While the difference in the distribution of ECH in 2005-2006 was due to a difference in the variance only (see Table 6 ). There was a deterioration in efficiency for both small and large hospitals, small hospitals experienced more catching up compared to large hospitals (see over the whole period they encountered more technological regress and decreased efficiency. This is because most rural and northern hospitals are small & operate independently of one another, so it is more difficult for them to achieve clinical and administrative efficiencies and they tend to be less likely to receive or to undertake investments in new technology. Moreover, due to their remote location, cost reducing strategies such as shifting inpatients to ambulatory care or volume purchasing are not a viable options for the small hospitals.
We also found that size had an impact on direct and indirect costs. Specifically we found that: 1) both overhead and direct costs were higher for smaller hospitals, 2) the effect of size as more dramatic for overhead expenditure than for direct cost and, 3) there was greater variation in overhead expenditure than for direct cost. 
Conclusion
In this paper we introduced recent advances in productivity analysis using non-parametric kernel density estimation applied to the MPI and its decomposition obtained through DEA. We also applied the bootstrap based Simar-Zelenyuk-adapted Li -test to make inferences about the distribution of MPI and its decomposition across the different types of hospitals and over time. found that over the sample period, many Ontario hospitals lagged behind the technical efficiency in that they were operating well below the frontier. Inefficiency may result from both inefficient utilization of resources and or failure to produce at the optimum scale. We found that a large number of hospitals were subject to diseconomies of scale, which tends to be associated with difficulty in managing and coordinating resources in larger facilities. Though there may be benefits to concentrating investment and expertise in larger centres, there might also be a cost in terms of reduced efficiency. More importantly, the dualism 11 in the technology should be avoided among hospitals as it might lead to backwash effect and to further deterioration in efficiency. It is also important that with a given technology inputs should be used efficiently, e.g., through accumulation of knowledge, changing combinations of inputs or production processes, improved managerial practice, and so forth, so that output will increase and more and more hospitals experience catching-11 ‗Dualism' in technology refers to the co-existence of both relatively old and modern technology. That means within a group there are two distinct classes: one is running with very new medical technology and the other is using not older medical technology. Within our sample of hospitals we found that the Technology Index varied from 4 to 7. The sum of Technology Index indicator ranges from 0 to 8, with 0 (0,1,2…, 7, 8) representing the minimum level (or age) of technology used in Diagnosis and Treatment. If both small and large hospitals have the same technology but that large hospitals adopt a very new modern technology and due to this advancement in technology in large hospitals there might be a negative effect on small hospitals in terms of decline in hospital output.
up.
12 Of course, hospitals operating under increasing returns to scale could perhaps be more efficient by increasing capacity but there are additional social objectives which come into play, such as ensuring adequate access to care, training and research functions. One implication of this is that more emphasis should perhaps be placed on increasing efficiency through managerial and organizational improvements so that the benefits of technological advancement and its positive impact on overall productivity and performance of hospitals would be sustainable over the long run.
Future research should consider integration of quality of care indicators to further characterize hospitals outputs. An alternative approach based on DRG-type case mix system reflecting patient mix among different groups of hospitals would also be an interesting subject for future research.
Our results suggest that comparing the sample means of efficiency scores of two or more groups of hospitals may not provide a complete picture. Sample means of efficiency scores ignore the relative weight of each group in the sample. The natural extension of this work would be to estimate aggregate efficiency and an aggregate Malmquist productivity index and its components accounting for the relative size of each group. 
Appendix II
